One aim of physics laboratory instruction is to help students connect theory to practice. So experiments are often chosen in order to 'demonstrate' specific concepts. Furthermore, students are expected to approach phenomena in a scientific way, that is, they should develop a hypothesis and plan their experiments accordingly. Although it is usually not stated explicitly, these instructional aims require that students have some conceptual knowledge before they start to carry out experiments. Otherwise, they would not be able to connect theory to practice or to develop a hypothesis. Empirical evidence from process-based studies of university students' labwork activities indicates that during practical work, students rarely express their conceptual knowledge explicitly. Rather, experiments seem to be the means by which students discover and 'stabilize' conceptual understanding when learning physics. Furthermore, students are much more likely to develop concepts that relate to similar events (phenomenon-based concepts) rather than concepts that arise from 'theories' (model-based concepts) which may explain their observations. Implications of these results for the design of laboratory activities are discussed.
Introduction
Over the past few decades, a growing number of teachers and educational researchers have become aware that students of all ages are 'having trouble learning physics [ . . . ] and that their problems were more difficult to resolve than [ . . . ] expected.' ( [1] , p iii). For more than three decades, research in physics education has aimed to understand the kinds of problems students encounter when learning physics and how to overcome these problems. A large number of studies has revealed that students, even at the university level, often appear to have an understanding of some physics concepts that differs from the accepted one (e.g., [2] ). From these and other studies, it has become apparent that a large number of variables, such as students' prior knowledge, their interest in the subject, social climate, the extent to which instruction is structured and the appropriateness of the level of learning demand is important for successful teaching and learning of physics. However, the details of effective instruction, including effective laboratory work, are not yet well known (e.g., [1] ). In particular, we do not yet know under exactly which circumstances students are more likely to connect theory to practice, which activities are more likely to result in a 'better' understanding and which are not, or-more generally-how in detail students develop an understanding of physics concepts 3 within laboratory work or other educational settings. Knowing more about the details of students' learning of physics would help us to design instruction based on empirically grounded criteria rather than on intuition or trial-and-error approaches to what works and what does not.
In order to answer the questions raised here, a focus on students' learning processes rather than 'simply' assessing students' knowledge is needed. Such a focus can help us to identify patterns in students' behaviour, their thinking and learning. In particular, this focus enables research to analyse in detail when and how instruction, for instance, on how to handle an experimental set-up results in appropriate student activities and when it is not successful in reaching its intentions.
Settings, participants and methods used to investigate students' learning
For the last 20 years, our main research emphasis has been on video studies of students' learning during physics instruction at school and university levels. The research reported in this paper focuses on students' activities within typical laboratory courses at the university level and on university students' group work in experimental settings (see figures 1(a), (b) and 2(a), (b)). Students' activities are documented by video and audio recordings. For laboratory courses usually four groups are documented at a time, each being followed with one camera and additional audio equipment (see figures 1(a) and (b)). Microphones are hung from the ceiling above the students' desks to ensure that all group discussions can be followed in detail. In experimental settings, there is only one group present at a time. So only one camera is needed for video recording the groups (see figures 2(a) and (b)). The studies at university involved participants of different age levels and with different backgrounds in physics.
• Two studies concentrated on students in their second year at university, studying for a physics diploma (similar to a masters degree) [3, 4] . These students were about 21-24 years old and worked in pairs in a lab on electrodynamics (e.g., about Coulomb's law or using an oscilloscope, see figure 1(a)). Typically, the students had a strong background in physics as they had studied physics for about 5 h per week during their last 3 years of schooling.
• One study concentrated on students aiming for a production engineering diploma who are supposed to have at least one physics course at university [5] . These students were about 20-23 years old and did not usually have a strong physics background. Topics in their lab covered typical physics areas (mechanics, optics, electrodynamics and thermodynamics).
• Three experimental studies concentrated on students ranging from university beginners in electrical engineering to participants who had started a PhD in physics (see figure 2 (a)) [6] [7] [8] . These students were aged between 20 and about 28. Most of them had, like the first population, a strong background in physics from school. In particular one sub-set of this sample, the PhD students, can be assumed to be 'intermediate' physics experts, as they already had a physics diploma when they participated in the study. For all three experimental studies, the topic was electrostatics (attraction/repulsion of charged material, the neon bulb, the electroscope, Coulomb's law). For the more experienced participants (students after their bachelors degree and PhD students), we also added electrodynamics (charging and discharging of capacitors, behaviour of RC components, modelling of electrical conduction in neural nerves using RC components).
In addition to students at the university level, our studies have also focused on students at the upper secondary level (aged 16-19) in classroom and experimental settings [9] . In total, over the last 20 years, our research groups have investigated the cognitive and affective processes of more than 100 students from upper secondary and of more than 100 students at the university level. In this paper we will concentrate mainly on results from the sample of university students.
Data analysis is carried out at two different levels: Videos are coded directly either using Excel-based worksheets (up to 2002) [4] or with the software 'Videograph' (see figure 3 and [10] ). The codes describe, for instance, what students do (e.g., reading/writing, discussing, doing an experiment) and what content area is addressed by students' activities. Codes are applied at intervals of 30 s (Excel worksheet) or 10 s (Videograph), and thus give an estimate of the duration of different activities. The codes are also used to identify those pieces of the video data that appear relevant to a specific research question, for instance, when students discuss physics concepts while carrying out an experiment. All parts chosen are transcribed, that is, students' verbal and non-verbal activities are written down in great detail.
The second level of analysis is an in-depth investigation of the transcripts, with the focus on each individual student. For every utterance and every single activity, we try to identify the student's situated understanding. In doing so, we do not form a 'judgment' about the student's understanding by asking if the student's idea is right or wrong from a scientific point of view. Rather, we try to take the student's point of view, that is, to investigate which perceptions and experiences the student activates while s/he argues and acts (see also [9, 11] ). Students' understanding is not 'condensed' into a few fundamental (mis-)conceptions, but categorized by the way in which students' reasoning occurs. Such an analysis allows us to compare the dynamics of the process by which knowledge is developed across topics and individuals. So the results may also be useful for informing the teaching and learning of (physics) topics that have not yet been investigated.
Results
Taken as a whole, the university data cover a large number of different situations. There are topics that should be familiar to (most of) the students, such as electric charge and effects caused by this charge, and topics that may be new even for more experienced learners (e.g., modelling of electrical conduction in nerves using RC components). The laboratory work typically requires incorporating concepts taught in preceding lectures, using formulae and getting acquainted with (new) physics apparatus and instruments. Also, most laboratory instruction aims to help students to connect conceptual knowledge to practical activity, including the construction of hypotheses. Finally, some laboratory instruction was very detailed, some very open-ended and (for the experimental settings) some designed with reference to assumed learning dynamics [9] . Even though the data we collected differed in terms of content, structure and curricular aims, students' prior knowledge, their experiences and their age, the results of our analyses show (surprisingly) great similarities.
The most astonishing result is that the university students in all studies rarely talked about physics concepts, that is, they rarely explicitly stated the principles behind the experiments or the phenomena with which they were dealing nor did they talk about hypotheses before carrying out an experiment. This includes those concepts that were taught in advance of the laboratory work (e.g., Coulomb's law or how resistors behave in complex circuits) or that should be familiar to students from school physics. Rather than reflecting on the conceptual background to formulae, students typically search for the formula that seems to best suit their measurements, leading to a result that 'looks OK'. Overall, less than 10% of the time spent in the laboratory is usually given to explicit discussions of concepts or conceptual reflection on practical activity. Only for those settings that were designed with reference to assumed learning dynamics (experimental studies) were slightly higher values, up to about 20%, found.
The following brief example taken from physics students in their second year (first sample, see above) illustrates students' activities in a lab ( [4] , pp 135, 136, translation by the authors). Overall, students' activities in a lab are rather similar, no matter how the laboratory instruction is designed. For both very structured laboratory guides and more open-ended, inquiry like instruction, students usually explored what to do, manipulated apparatus and instruments, or deployed 'measurement routines ' . The more open-ended the laboratory instruction, the less likely it is that students' activities will make explicit reference to physics concepts. For the traditional, very structured ('cookbook-like') laboratory, students usually followed the guidelines-or at least tried to do so-but rarely showed an understanding of what the concepts highlighted in the laboratory instruction have to do with the experiments. All of the student samples exposed to traditional laboratories noted repeatedly that the experiments were boring, that they did not understand what they do or that it simply 'does not work.'
All the results on university students' activities reported here might be seen as critical. Perhaps this is a consequence of the sample, of German physics education in general or of inappropriate laboratory instruction. However, similar findings were reported more than 20 years ago [12] . One might also conclude that 'better' instruction (including 'better' explanations) would also lead to 'better' performance and deeper learning. But in order to promote the best possible learning (that is, to design 'good' instruction), it is important to understand how learning occurs and what has an impact on students' development of physics competences-and also to consider what might not be an appropriate learning demand.
Students' development of physics concepts
As one intention of university labs is students connect theory to practice, the instruction is typically not well designed to promote conceptual learning. Thus, the main thing that students developed was an understanding of how to perform specific measurement routines. In order to identify patterns in students' learning of concepts, we therefore turned our focus to laboratory work with students who were not assumed to already 'know' the particular physics concepts. These were mainly the university students aiming for a diploma in production engineering. In addition, all findings from these students can be compared to those on students' learning of physics in upper secondary school, as these students too have some affinity to physics but not a strong physics background.
Our empirical data on students without a strong background in physics show that these learners start their activity in almost all areas of physics with (mental) explorations of objects, situations or phenomena: students explore all the buttons and features of the equipment (for instance, an oscilloscope), try to measure something or take a reading from a scale, try a calculation or explore which information presented in the laboratory guide seems to be relevant. From varied and repeated explorations of similar phenomena, students develop an intuitive understanding of activities and descriptions that match the context (from the students' point of view). From an observer's point of view, students' activities shift from a more trialand-error approach to a somewhat more systematic one. At an intuitive level, students seem to have understood the rules that govern the context; they are able to predict what will happen, can 'attach' (physics) terms to situations and objects but are not yet able to formulate related concepts explicitly. The excerpt from the student's main ideas while solving a problem with the oscilloscope (above) demonstrates both explorations and intuitive rule-based activities: principally the student explored different approaches to solving the problem of a 'bad' picture. The variety of his approaches in dealing with the same phenomenon indicates how a student might come to an intuitive understanding of appropriate activities for the particular problem (or task); next time with a similar problem, this student might start immediately by swapping the wires. The student's different approaches indicate at least a weak intuitive understanding of the parameters that might be important for a solution, the settings of the oscilloscope and the frequency generator, the resistors used and the wiring of the circuit. Each intuition initiated another exploration, usually without any explicit reference to physics concepts. It should be noted that learners who are experienced in a specific area, including physicists, often immediately start their activities in that area at the intuitive rule-based level.
It is only very slowly in their learning process that students become able to formulate concepts explicitly, that is, to argue at an explicit rule-based level. At this level, students generalize about phenomena, objects and events, explain with a theoretical focus or use generalizations/explanations to predict events and experimental outcomes (see examples in table 1). In the excerpt presented above, only the student's assumption that swapping wires has no impact in an ac circuit can be counted as an explicit concept (though tightly attached Table 1 . Examples of phenomenon-and model-based concepts.
Phenomenon-based concepts-developed from experiences (including mental constructs of
Model-based concepts-cannot be derived from experiences) experiences (are 'theoretical') You have to touch the metal end of a neon bulb, When neon bulbs are earthed, the electric circuit is closed. otherwise, it cannot flash. Whenever you hold a rubbed material above an
Repulsion is a result of forces acting between like electroscope, the needle will be pushed away charges. from the mount. When you rub two identical objects made of plastic with an identical cloth, the objects will repel each other. After a metal object has been touched by a charged a Bringing two metal objects which are charged differently object, a Coulomb meter will indicate charges in contact will result in a redistribution of charges which on the metal object.
will depend on the objects' capacities.
a 'Charge' may well refer to a model-based concept. In this case, however, 'charge' is just a property of an object (after a specific treatment, for instance, a contact with a Coulomb meter). Similarly, 'charges' are often treated by students (even at the university level) as (mentally constructed) objects that have specific properties, such as being round like a sphere. Thus, the word 'charges' often indicates a phenomenon-based concept rather than a model-based concept.
to the particular situation). The formulation of this concept, however, is followed by another exploration leading to an unexpected result. Explanations, or at least reasons, for the effect observed were not further elaborated by the student. It should be noted that the conceptual development described above is an achievement in itself, though students may develop explicit concepts that are not intended by the instruction or may return to explorations, as the student presented in the example did.
Most concepts developed by students are based on their observations and experiences with concrete phenomena. These concepts are generalizations based on processes or features that students can experience directly. For that reason we might call these concepts 'phenomenonbased' (see table 1 ). In contrast to these, model-based concepts are generalizations ('theories') that cannot be inferred from experiences. These concepts have an explanatory character. Even though table 1 suggests a 1:1 correspondence between the different types of explicit conceptualizations, we would expect that a relatively large number of phenomenon-based concepts refers to any given model-based concept. In addition, concepts can address a smaller or larger range of different experiences/phenomena/objects (i.e. different batteries versus all kinds of power supplies), so that concepts with a broader range incorporate concepts with a smaller range.
Students can discover phenomenon-based concepts much more easily from instruction, that is, they need fewer cases in order to reach a generalized description. From a physicist's point of view, we might argue that phenomenon-based concepts are not 'real' physics as they do not offer explanations of what is observed. However, it has to be stressed that our data indicate that phenomenon-based concepts are a prerequisite for the ability to understand model-based concepts. Only if students can construct specific phenomenon-based concept relatively easily will they start to look for explanations (model-based concepts) and be able to understand them. A similar dynamic of conceptual development from phenomenon-based to model-based reasoning can be seen in the historical development of physics concepts [13, 14] .
It is important to note that even if students develop an explicit concept, this concept cannot be regarded as having been 'acquired'. Our data show that students need several Table 2 . Examples of two sets of structured activities to develop conceptual understandings of Coulomb's law (see also figure 4).
Phenomenon-based concepts to Structured activities be discovered Related model-based concepts
A: forces between charges Two metal spheres are set up at a relatively large distance apart.
Scale reading decreases proportionately to a decreasing amount of charge. Scale reading increases disproportionately with decreasing distance between metal spheres.
Coulomb's law describes how forces act between charges.
Amount and polarity of charges with which globes are charged are varied. B: impact of induction on measured effects Two metal spheres are set up at a relatively short distance apart.
Equally charged metal spheres result in small-scale readings; differently charged spheres result in large-scale readings.
Electrostatic induction on conductors placed at small distances from each other leads to a movement of charge resulting in different forces between the conductors. Both are charged with the same amount of charge, but the polarity of charges is varied.
Coulomb's law only refers to point charges.
opportunities (within explorations and rule-based activities) to develop a specific concept anew. From an observer's point of view, it looks as if students act before they 'think'. In such processes, students often, after experiments, utter something like 'Oh, that's clear, it is because of . . . '-seeming to realize that they 'knew' the concept but had not thought of it beforehand.
Implications for the design of laboratory work
Experiments in a physics laboratory are often considered as a means of demonstrating specific concepts (for example, using single experiments that show best what students need to see).
However, if students do not yet have a (model-based) concept that relates to the presented content, they are not very likely to 'understand' the concept 'demonstrated' by the experiment. Laboratory activity designed to promote learning of new or at least unfamiliar concepts should not focus explicitly on scientific concepts at the beginning. Instead, instruction should improve, develop and introduce (real and mental) experiences to students systematically, as these are a prerequisite for students to arrive at a phenomenon-based, and later at a model-based, understanding. Such instruction does not focus on 'good' explanations, but on structured discoveries (see table 2 and figure 4 for a brief example).
We would like to stress that there seems to be no 'shorter' way to learning concepts than taking the long road from explorations to intuitive rule-based activities and then to explicit concepts. Whenever instruction tries to 'inform' students about the (model-based) concepts at an early stage of this development, we observe in our data that students either make no use of this information or they start to explore words given in the information. They might learn (more or less quickly) where these words belong, but do not really understand their conceptual meaning. Thus, rather than 'learning' the concepts in advance of the related laboratory activity, post-processing should be considered as a means by which students integrate their experiences in the laboratory with physics concepts (mainly phenomenon-based). These can then be extended to cover more phenomena, differentiated at the phenomenon-based level, and explained using model-based concepts during lectures after the related laboratory work.
Summary and conclusions
In this paper, two main arguments have been developed.
1. In order to improve students' learning in a laboratory (and in all other educational settings), we need to understand better how students act, think and learn. So our focus should shift from a teacher/content-oriented perspective to a student-oriented one. Furthermore, this should not only consider students' knowledge after instruction, but also the processes that occur within instruction. These processes can provide detailed evidence of learning opportunities that promote students' understanding and those that do not. 2. Students' experiences, both those they have and those they do not, are of great importance for effective teaching. Rather than searching for 'good' explanations and experiments that seem to demonstrate a specific concept very clearly, instruction should focus on 'good' learning experiences. In a physics laboratory, the experiments need to be structured in such a way that students can discover the (phenomenon-based) concepts from their activities. Thus, rather than connecting pre-existing theory to practice, the purpose of a laboratory is to provide structured practical activities in order to promote the development of a conceptual understanding.
These two arguments, supported by a relatively large body of empirical data, have implications for what we consider a university laboratory to be for, at least, beginners at the university level. A laboratory has to provide the opportunity for students to discover physics rules. From a historical analysis, one can conclude that these activities are also what scientists do when exploring a yet unfamiliar area [13] . The difference between a scientific approach and the approach presented here is that scientists need to discover the rules in an unstructured environment which is one reason why research takes a long time and requires content-specific expertise. In contrast, students can only be successful in their 'discovery' if they are exposed to structured learning material (practical activities). Giving students opportunities to discover rules in a structured environment also enables them to develop an intuitive understanding of what a scientific approach is about and, equally important, to experience how good it feels to be a 'knowledge creator' rather than a 'knowledge consumer.'
